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Abstract 
This work deals with micromechanical modelling of ductile damage and its effects on the inelastic behaviour of FCC 
polycrystalline metallic materials such as the evolution of their crystallographic textures. The constitutive equations are written in 
the framework of rate-dependent polycrystalline plasticity. A strong coupling between plasticity and damage is ensured through a 
ductile damage variable, which has been introduced at the Crystallographic Slip System (CSS) scale of each FCC grain to 
describe the material degradation through initiation, growth and coalescence of microdefects inside the aggregate neglecting 
thermally activated intergranular (or creep) damage. Both the theoretical and numerical (FEA) aspects of the micromechanical 
coupled model are presented. The model is implemented into a general purpose finite element code in order to analyse the effects 
of both texture evolution and ductile damage initiation inside the favourably oriented CSSs. The identification of the material 
parameters is based on experimental results obtained on copper specimens. The ability of the proposed model to predict the 
plastic strain localization, the induced textural evolution, as well as the effect of the ductile damage occurrence and its evolution 
until the final macroscopic fracture are investigated. 
© 2009 Elsevier B.V. All rights reserved 
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1. Introduction 
The effects of damage and texture evolution during large inelastic deformation have been regarded as an important 
subject in metal forming processes. In the present study, the crystallographic texture evolution by large inelastic 
deformations was investigated experimentally and numerically predicted both at microscopic and macroscopic 
scales. A tensile test was simulated by finite element analysis in order to investigate the effects of texture and 
damage using micromechanical constitutive equations accounting for hardening and damage at the crystallographic 
slip systems. These are based on a simplified self-consistent scheme [1-4] introducing appropriate internal variables 
at different length scales [5-8] as follows: (i) at the microscopic length scale of each crystallographic slip system 
(CSS) s, characterized by its slip normal ns and slip direction bs, a precise description of hardening and phenomena 
related to micro-defects is required; (ii) at the crystal level (i.e. the mesoscopic or grain scale), a precise description 
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of the crystal rotation for each individual grain under a prescribed loading history is required. At this level the 
intergranular (or kinematic) hardening is introduced in order to describe the strong heterogeneity of inelastic strains 
between the neighbouring grains; (iii) at the aggregate level, the macroscopic inelastic strains including the 
transgranular hardening and ductile damage as well as the texture evolution should be obtained by using micro-
macro transition techniques. 
 
Nomenclature 
x indicates a scalar variable  
x indicates a vector 
x  indicates a second rank tensor 
x   indicates a fourth rank tensor 
 
2. Constitutive equations 
From a micromechanical point of view, many approaches were developed using the slip theory for crystalline 
inelasticity neglecting the damage effects [1-4]. These approaches consider the fact that the plastic deformation and 
hardening are mainly due to crystallographic slip within the octahedral CSS governed by the well known Schmid 
resolved shear stress criterion. In this study, the constitutive model which uses phenomenological variables at 
different scales is based on Cailletaud’s original work [5] in which a scalar damage variable is introduced at the CSS 
level [6-10]. It is assumed that the micro-cracks initiate around some intragranular inclusion (precipitates, second 
phases etc.) which are at the origin of the CSS activation due to the high stress concentration. Therefore, if the scalar 
transgranular micro-damage variables ds and their associated thermodynamic forces Ys are introduced and coupled 
with those constitutive equations at this level, it will be a new method to calculate quantitatively the microscopic 
damage and its effect on both the microscopic and macroscopic material behaviour. In this work, a micro-damage 
variable is used to represent the local transgranular micro-damage on each CSS s and its effect on the slip amount is 
described. The micro-macro constitutive equations accounting for strain hardening and damage are summarized 
hereafter in which bold symbols denote vectors or matrices, underlined variables denote second-order tensors, 
double underlined variables denotes fourth-order tensors, the symbol (:) denotes a double contraction, a dot above a 
variable denote its time derivative, and the brackets < x > mean x if x > 0 and 0 otherwise. Quantities with respect to 
a CSS have superscript (s) and quantities at the grain level have superscript (g). Finally, the total number of CSS 
inside one grain is denoted Ns, while the total number of grains within the aggregate is denoted by Ng : 
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Meso-scale: 
• Granular stress tensor: ( )
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• Intergranular kinematic hardening variables: 
1
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• Granular inelastic strain tensor g ssp
s
mε γ=∑  and rotation tensor g ssp
s
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Macro-scale: 
• Macroscopic stress Σ = (1 – D) Λ : (E – Ep ) with  p gg p
g
E = f ε∑   , 1(1 1)(1 )(1 2 ) (1 )EEνΛ ν ν ν⊗= ++ − +  (8) 
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Where E is the total strain tensor, Λ is the fourth order elastic properties tensor for isotropic material with E and ν 
being the Young’s modulus and the Poisson’s ratio. fg is the relative volume fraction of grains having the same 
orientation, Cg is a scalar material parameter representing the intergranular kinematic hardening modulus and (βg, 
Xg) are the internal variables and associated thermodynamic force corresponding to kinematic hardening, and a 
describes its nonlinearity. K and n are the viscosity material parameters, Q is the transgranular isotropic hardening 
modulus; (qs, Rs) are the internal variables and thermodynamic force associated to isotropic hardening and b its 
nonlinearity parameter and S, ς, ξ and Y0 are the ductile damage parameters. Finally, τ0 is the initial yield shear 
stress for each CSS and Hrs is the hardening interaction matrix accounting for self and latent strain hardening. The 
Schmid tensor ms is the symmetric part of the tensorial product ns ⊗ bs and ps its skew-symmetric part. 
3. Results 
This micro-macro model has been applied to a tensile test using various aggregates containing a number of grains 
from 24 grains to 500 grains. However, because of space limitations, only the results with the smallest aggregate (24 
grains) are briefly presented here. The material parameters have been obtained previously from an appropriate 
identification procedure [10] and are summarized in Table 1. 
Table 1. Material parameters for the fully coupled micro-macro model  
E (GPa) ν C (MPa) a n K (MPa)  τ0 (MPa) Q (MPa) b Hi S ς ξ Y0 
200 0.3 30067 26.74 25 50 145 50 74.4 1 0.846 2 60 0.001 
 
(a) (b) 
von Mises stress Plastic strain von Mises stress Plastic strain 
 
 
 
 
U2 = 5 mm 
Fig. 1.  Uncoupled 3D simulation for a tensile test specimen containing RVEs with 24 grains: (a) without texture evolution and (b) with texture 
evolution. The red lines denote the initial mesh. 
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Fig. 1 shows the distributions of the accommodated plastic strain and equivalent stress inside the tensile sheet for a 
vertical displacement U2 = 5 mm imposed at the top surface, with and without texture evolution for the uncoupled 
case. Here the horizontal displacements U1 = 0 at the top and bottom surfaces, and U2 = 0 at the bottom surface. 
Since no fracture occurs in the uncoupled simulation, the diffuse and localised necking areas are very large and the 
strain inside the localized shear band reaches 150% without texture evolution and 200% with texture evolution. In 
Fig. 2 the distributions of the accumulated plastic strain and the ductile damage is given for the fully coupled 
calculation at final fracture with and without texture evolution. 
 
(a) (b) 
Plastic strain Damage Plastic strain Damage 
 
 
  
U2 = 1.38 mm U2 = 3.95 mm 
Fig. 2. Fully coupled 3D simulation of a tensile test specimen containing RVEs with 24 grains: (a) without texture evolution and (b) with texture 
evolution. The red lines denote the initial mesh.   
From Fig. 2 the plastic strain at fracture reaches 25% when the texture evolution is not taken into account while it 
reaches 50% when the texture evolution is taken into account. This confirms that when the texture evolution is taken 
into account hardening, inelastic strain and material ductility increase. 
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